ABSTRACT
INTRODUCTION
Finite element (FE) models of shoulder joint have been used to study the influence of humeral head geometry on stress distribution across the scapula 1 , performance of implants 2, 3 , rotator cuff tears and their influence on stress distribution across the joint 4, 5 , among other things. For best results, FE models should closely replicate the exact geometry of the anatomy being analysed. Finite element models of the shoulder complex require anatomic dimensions of the glenohumeral joint and its musculature along with its mechanical properties. Previous FE studies of the shoulder complex have obtained such data from various sources including direct cadaver measurements, published literature, computer tomography (CT) images, magnetic resonance imaging (MRI) images, scaled photographs, etc [1] [2] [3] [4] [5] [6] [7] [8] . Hard tissues were usually modelled based on CT, MRI images, while soft tissues were modelled based on measurements from one or two cadavers 1, 3, 8 .
Some studies have focused specifically on the footprint or the glenohumeral anatomy [1] [2] [3] [4] [5] [6] [7] [8] . Previous studies on tensile properties have focused only on the modulus values of supraspinatus (SS), infraspinatus (IS), and teres minor (TM) owing to high incidence of tears in them 9 . The subscapularis (SC) tendon's elastic modulus has not been reported in any of the available literature. The authors of one study dubbed the SC as the 'forgotten tendon' owing to relatively few number of studies on it in comparison with those on other rotator cuff tendons 10 .
The purpose of this study was to determine normative values for the dimensions and elastic moduli of all rotator cuff tendons. In addition, tendon footprint, and anatomical dimensions of the humeral head and glenoid were also measured.
The findings from this study can be used for finite element modelling as well as the design of implants, the identification of complications associated with the shoulder, and surgery.
METHODS
Nineteen fresh frozen male Asian cadaver shoulders with age ranging from 60 to 78 years were allocated for the anatomical measurements. Strict visual exclusion criteria were followed to ensure that samples with rotator cuff tears were eliminated. Visual observations did not reveal any diseased rotator cuffs or osteoarthritis. The skin, superficial musculature and clavicle were removed to expose the rotator cuff, then the rotator cuff musculature was detached from the scapula leaving the humeral attachments intact 11 . Starting medially, dissection was performed at three intervals to isolate the individual tendon insertions-the rotator interval between the SC and the SS, the interval between the SS and the IS, and the interval between the IS and the TM 12 . The muscle bellies of the tendons were incised leaving approximately 30 mm of muscle attached to the tendon end. The specimens were constantly hydrated with physiologic saline solution during preparation, dissection and testing [13] [14] [15] .
The tendon dimensions were measured using a digital Vernier calliper (Mitutoyo CD-6" CSX). They were measured in three regions namely i) footprint (near the tendon's insertion on the humerus); ii) centre (the region between the insertion and the muscle); and iii) muscle (the region proximal to the respective muscle). The tendon length from its insertion on the humerus to the tendon-muscle interface was measured in different regions, namely: i) the anterior, central and posterior region of the SS; and ii) the superior, central & inferior regions of the IS, SC and TM. All measurements were taken by the same person to minimise subjective errors in measurement.
Out of the 19 shoulders available, only 12 specimens were used for the tensile tests due to full rotator cuff tears. For the SS, only five specimens were used due to tears. Previous studies on the SS and IS tendons indicated that mechanical strength varies at different regions of the same tendon 13, 16 . Thus, the individual muscle-tendon strips (except TM) were divided into two regions (superior/inferior or anterior/posterior) of equal widths namely the SS anterior (ant), SS posterior (pos), IS superior (sup), IS inferior (inf ), SC superior (sup), SC inferior (inf ) (Figs. 1 and 2 ). To avoid unequal division, the tendons were cut at equal widths at the insertion site and then divided in line with the fibers 13, 16 . After dissection and isolation, a thorough visual inspection of all tendons was performed to ensure that there were no partial or full thickness tears. Then the length of the humeral shaft from the surgical neck was dissected at approximately 100 mm for all samples.
A nylon serrated clamp was used for gripping. The serrated surfaces had a pitch of about 5 mm and depth of 3.5 mm at an angle of 20° (Fig. 3 ) 17 . The plastic material minimises damage to the tendon during tightening. The muscle belly of each strip was spread out and flattened using a small steel mallet. To increase the gripping area and friction between tendon and clamp, a brass wire enclosure was sutured to the muscle belly and part of the tendon (Fig. 4) . The wing nuts were tightened until the entire surface area of the enclosure was within the clamp (Fig. 4) .
The truncated humeral shaft was wrapped with layers of absorbent paper to increase its contact area. To simulate the hanging arm position and prevent humerus rotation during the test, the humeral shaft was placed in a fixture consisting of two vee blocks fastened by six wing nuts (Fig. 3) . Proceedings of Singapore Healthcare  Volume 23  Number 3  2014
The exposed tendon length, width and thickness were measured using a digital Vernier calliper. This arrangement was loaded in tension using a material testing machine (5848 Microtesting machine, Instron, Singapore). The tensile test was conducted in an indoor environment with temperature maintained approximately at 25°C and relative humidity between 50% and 60%.
The tendons were preconditioned for 10 cycles at a displacement of approximately 1.5 mm to ensure that the structure reached steady state 13 . The tendon was then loaded at a rate of 1 mm/min. In a preliminary study to test the feasibility of the brass wire mesh gripping technique; it was found that a faster displacement rate caused slippage. Hence, to avoid slippage, a lower displacement rate was used. Previous studies on soft tissues have reported that small changes in strain rate did not affect the mechanical properties significantly 18 .
The load-displacement data was used to obtain the stress-strain plots. The mean moduli of different tendon regions were analysed and verified using analysis of variance (ANOVA) to determine whether the mean values of more than two groups are equal.
After the tensile tests, the tendon insertions of all the 19 shoulders were delineated using a permanent marker and the separate tendons were then dissected free from their respective insertions on the humerus. The delineated footprint outline was covered with a tracing paper and marked. The tracing paper with the outlined traces was then scanned together with a ruler for scaling purposes (Fig. 5) . The surface area, maximum length and width of footprints as described in Table 1 were calculated from the outlines of the traces using a previously validated Digimizer 3.7.1.0 software (MedCalc Software, Belgium) 19 . Previous FE studies have modelled the humeral head to be hemispherical [1] [2] [3] [4] [5] [6] [7] [8] . In this study, humeral head anatomical dimensions (Fig. 6) were measured using a digital Vernier calliper in the coronal plane as: 1. Humeral head diameter; 2. Humeral head angle; 3. Humeral head height (maximum distance between the articular surface and the anatomic neck).
The glenoid cavity's maximum length and maximum width in the sagittal plane was measured by tracing out the margin of the glenoid cavity Proceedings of Singapore Healthcare  Volume 23  Number 3  2014 onto a sheet of tracing paper and measuring the maximum width using Digimizer® 3.7.1.0 software (MedCalc, Belgium). The glenoid cavity was filled with molten wax and a cast was obtained. The maximum depth was determined by measuring the maximum thickness of the cast.
The glenoid curvature was measured by making a longitudinal cut along the centre of the wax mould. The curve is then traced onto a tracing paper and measured using the Digimizer software. The Student's t-test and ANOVA (Fast Statistics -FST, Version 2.0) were performed on the values. The threshold of significance for all statistical tests was set at α=0.05.
RESULTS
The mean width and thickness of tendons are summarised in Table 2 . Statistical tests revealed that the SC had the largest width (P<0.05). No significant difference (P>0.05) was noted between the width of SS and IS. The TM had the lowest width (P<0.05). An ANOVA test indicated no significant difference (P>0.05) between the thicknesses of the tendons.
The length of the tendon regions and elastic moduli of divided tendon strips are presented in Tables 3  and 4 . A statistical analysis on elastic moduli of the divided regions (SS ant vs SS pos, IS sup vs IS inf, SC sup vs SC inf ) of the same tendon revealed no significant difference (P>0.05). The modulus value of each tendon was determined from the mean modulus (Fig. 7 ) of divided regions (SS ant vs SS pos, IS sup vs IS inf, SC sup vs SC inf ). The ANOVA test on the mean elastic moduli revealed no significant difference (P>0.05) between the SC, SS and IS. The TM had the smallest modulus value (P<0.05). Table 2 . Mean length of tendons (n=19). Table 4 . Mean elastic moduli (n=12 except SS). The footprint areas and dimensions are presented in Table 5 . The SS tendon had the largest footprint area (P<0.05). The TM had the least value (P<0.05). No significant difference was found between the IS and SS footprint areas (P>0.05). The SS, IS, TM and SC occupied about 18±3%, 22±4%, 16±4% and 44±6% of the total footprint area respectively (all figures expressed as mean±SD).
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The humeral head and glenoid cavity dimensions are presented in Tables 6 and 7 
DISCUSSION
The values obtained in the current study for IS and TM tendon's thickness was higher (P<0.05) than those reported by Halder et al 13 . The SS tendon's width and thickness obtained was higher (P<0.05) than those reported by Itoi et al 16 . Current IS and SS tendon lengths were consistent (P>0.05) with those reported by Langenderfer et al 20 . However, TM length was higher (P<0.05) than those reported by Langenderfer et al 20 . The variation in anthropometry could be attributed to the use of Asian cadavers but more extensive studies are required to confirm this.
The irregular, complex geometry made measuring cross sectional areas for the tensile tests difficult, previous study has reported similar problems 18 . The cross section areas were calculated using an elliptical approximation (width -major axis, thickness -minor axis) but other studies have also used rectangular and square approximations 13, 16, 18 .
No slippage or clamp failure occurred during tensile testing, thus the brass wire enclosure gripping technique could be used as a viable alternative to freeze clamping or other gripping techniques. In the current study, the SS and IS moduli were lower (P<0.05) than those reported by Halder et al. and Itoi et al. 13, 16 whereas the TM moduli were similar. The SC moduli, which has not been reported on previously, were found to be similar to the SS and IS moduli. Although the prevalence of tears in the SC tendon was reported to be around 27% 21 , no modulus value was ever found in the literature. With the complete moduli values of the rotator cuff tendons from the current study, a comprehensive finite element model can be built. 12, 22 . Footprint surface areas were lower (P<0.05) than those reported by Dugas et al 19 . No significant correlation was seen between the moduli values and footprint of respective tendons.
The humeral head diameter, humeral head inclination, glenoid length, width, depth and curvature were consistent (P>0.05) with those recorded in previous studies [23] [24] [25] . A moderate positive correlation was observed between the total area of the footprint (SS area+IS area+TM area+SC area) and humeral head diameter. This information will be useful to surgeons when repairing rotator cuff tears.
All the cadavers used for this study were Asian males with a mean age of 65 years; this could have contributed to the lower moduli values of the tendons. Previous study on soft tissues concluded that linear stiffness decreases as age increases 26 . Hence, the current results cannot be ascribed to a younger population. The sample size of the SS tendon for the tensile test was small,
Parameter Measurements
Humeral head angle (degree) 128±4 since specimens with partial thickness tears were eliminated, this could have affected the statistical distribution of the study. The tendon strips were divided into two strips of equal width; this could have lowered stiffness due to less crossenforcement of intermingling fibres 13 . No data regarding the weight and height was available for correlation with the determined values.
CONCLUSION
The elastic moduli of all rotator cuff tendons were determined through a reproducible method without the use of cryogenic clamps. The rotator cuff tendons' length, width, thickness, footprint dimensions, footprint areas, humeral dimensions and glenoid dimensions were determined through direct measurement on cadaveric shoulders. These will serve as normative values for a finite element model of the rotator cuff-glenohumeral complex in the near future. Apart from a more realistic FE analysis, the results from this study will be useful in designing of shoulder implants with greater accuracy as well as rotator cuff repair surgery
